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Sunma

The present situdy has, thus far, been limited to the equimolar
NaclwAlCls system. A relatively simple elsctrxolytic procedurs has been
developed which sppeare to glvwe wery pure NaAlCl, melts. Coulometyic

generation of silver lons haz been usged to introguee known smounts of
silver ion imtc the melts. By potentiometric messurements, Nernst be-
havior was shown and & stapdayd potentisl for the silver-azilver ion couple
determined. Scme preliminaxy eyclic voltemmatyy and pulse polasregraphic
measurements ware carvied out on the Ag~ion/4g and Pb-ion/Pb electrode
systems. The results indicate that the Ag~iom system is z rveversible ome
electron procese. Resulis with Pb-ion are fragmentary, but indicate that
Pb(IL) hes 2 limited solubility inm the melz.

Programs hsve been developed and debugged which allow pulse polarography
with variants aud staircase voliammetry with variants to be performed under
the control of a Digital Equipment Corperation PDP-8/1 computer. Ensemble
averaging and digital, least squaves sweoothing are options within these
programs. One program alse iz capable of auvtomstic peak height and position
determination,

An electrochemical civecuit has been produced which will operate effic-
iently under the computerized regimen. It =2till comtains design limitatiomns,
and it is reasonable to assume that these can be readily corrected by tak-
ing appropriate measures., The limitaztions involve such things as speed of
respond and current subput capacity.

A method of driving the two 50-vard coszial cables conmecting the
computer and the experiment has been developed snd successfully demonstrated.
It is anticipated that actual remote experiments will be performed by the
end of August, 1970.

Theoretical comnsideratione indicate that the chronccoulometric tech-
nique offers sdvantages over normal potentiostaile methods for the study

of electrode kinetics in the fused sali systems.



1. Introduction:

i The experimental activity to be carried out under this program has
as its goal the study of the electrochemistry of various metal-ion/metal
couples in the low melting slkalil chloride—sluminum chloride melts.

It is our desire to ewploy wmodern electrochemical technigues for the
study of eslectrode vesctions at solid eslectrodes., Technigues such as
cyclic voltammeiry, pulse p@lar@graphy and chronocoulometry are to be em—
ployed. We seek infommation on {1) standsrd porentials of metal-metal ion
couples in various aluminum hslide-alkali halide miztures, (2) the chemical
species of the solute metal lons in the melt, and {(3) kinetic and thermo~
dynamic data for wvarious metal-metsl lom couples.

The bulk of this report is divided into two sectiomns., The first deals
with experimental work carried cut thus far in the fused equimolar AlClB-
NaCl system; the second deals with oux efforts to develop a system for the
performance of computer controllied electrochemical experiments to be carried
out at solid electrodes im the wmolten zalt system in a dry box at a loca-
tion remote from the couputer.

As the bulk of the work requires a well controlled dry~box atmosphere,
we have continued our wmodifications on the Vacuum Atmospheres Dry Box which
was obtained just prior to the initistion of the grant period. The nitro-
gen flowing into the box now is passed through additional water and oxygen
removal lines, consisting of 2 molecular sieve and hot copper, respectively.
The box now is sufficiently dry that 2 brokem light bulb operates for at
least 6 hours at 110 Volts. Electrical pass-throughs have been installed to
permit electyvochemical experiments to be carzied ocul in the box. A small
furnace, controlled by an externally locsted temperatuve controller, is also
located in the box. Temperatures Lo 300°C are possible without excessive
heating.

We have found that Fluka (Columbis Organic Chemicals Co., Inc., Colunm-
bia, South Carcling - distributor) sluminum chloride appesrs far more satis-
factory than other commsreially available material. The "as ig" Fluka mater-
émwig which is faintly -ellow colored and
gives electrochemical behavior similar to that reported by Giner and Hollec

ial was used to prepare z NashlCl
L (D

Cther materisls gave much darker melis with various sorts of floating impuri-
ties,



IZ. Theoretical :

Problemeg inhersnt in kinetdc studies ab solid electrodes prompted
ue to re-evaluate the use of chwonocouvlomeixy for the study of electrode
kinetics(Z}o The results of our comnsiderations indicate that this method
is superiocr to the normal potentisstatic method. By employing charge-time,
rather thsn currvent—-time, studies, measurvements at longer times are permitted.
Also, & reasonable corvection for double layey charging correction can be
made. Further, this technique is idesily suited for computer-controlled
operation. The results of these considerations were appended to our first

(3)

Semi~-Annual Progress Repert, and are in press im Elecircochimica Acta



I1I. Experimental Work im NaCl-AlCL, Melts:
A1l of the experimental work was cavried ocut in the nitrogen-

filled dry box to protect the melt from molsture and oxygen.
A, Melt Purifidcation.

Previocus methods of purification in the literature involved
one or & combination of the following steps:

1) preparation of A1013 from AL and HCL

2) sublimation of the A1C13

3) electrolysis using Pt electrodes

4) adding Al or Mg metal

5) filtration

Anders and Plambeck{4> rveport that after using steps 2 to
5 (clted above), a faint vellow to light browm color remained in the
melt.

The fussion of Fluka (A.G., anhydrous, iron free) aluminum
chloride and Fulka (A.G.) sodium chloride produced a faintly yellow-
colored melt which would sliowly turn grey in color om standing for a
period of several days. Rather than using a palr of Pt electtodes(s)
which produce Clz at the anocde during electrolysis, a palr of aluminum
electrodes were used. The net zvesult during the electrolysis in the
current procedure is either the replacement of impurities in the melt
with the aluminum ion or the tramsfer of Al from one electrode to the
other. The simple displacement of the impurities using Al metal failed
due to the coating of the metsl surface by a film formed by the dis-
placed metal impurities which effectively stopped further replacement.
The tranefer of Al metal im the electrolysis procedure continually
replenishes the Al surface and prevents the passivication of the alum-
inum. The normal procedure is €0 electrolyze the melt for tem to
twelve hours at & current density of 1.5 ma em 2,

All the glassware and electrodes were heated to 500°C for
several hours and then ailowed £o cool inm the evacuated antechamber
of the dry box to prevent sny contamination of t.2 melt.

Cyclie voltammetry was used to determine the current-voltage
characteristics of the melt before {Figure 1la) and after (Figure 1b)



purification. The finsl welt was completely colorless and exhibited
no irregularities in the current-voltage curves using a tungsten
indicator miro slecivoda. After & week's storage of the melt open to
the stmosphere in the dry box, no detectable changes were observed.

L (8

Hames and Plambec reported that Pt electrodes are imert inm the

NaCl«KClnAICIB eutectic. In the N&Alﬂié melt the Pt indicetor elec-
trodes were found toe be unsatisfactory since polarizations beyond
+0.7 volts ve AL{III)}/Al produced both snodic and cathodic waves
{(Figure lc).

The capacity curyent, ig, for the system in the absence of

a faradaic reactlon is given by:

ie wo A Cd v (1)

where A is the indicater electrode avea in cmZ, v is the sweep rate
g is the differential capacity of the double

layer in farads pex cmz at the potentigl at which ic is measured.

in volts per second smd C

Plots of i, measured ait varicus potentisls, versus the sweep rate are
shown in Figure 2 apd verified the linesr relationship as predicted
by equation (I) indicating little electroactive impurity. The increase
in Cd with a decre&ig in applied potentisl (Figure 3) is comsistent
with the 350 u F em ~ reported for the aluminum electrode at 0 volts
va Al(IIi)iAl reference, as deduced from an anodic current step at an
Al electrode(é)a

The theoratical pesk current, ip, for & reversible system in
cyclic voltammetyy is given by:

3/2.3/2
1 w22 F T ene%0.541) (11)
e A .
or '
i
i, = 63.38 x 10° 03/ 2pcp? % (111)
T
0
at T K whers
A = grea in cmz
3

C = concentration in moles cm
D = diffusion cosfficient
v = gweep vate in volts secml

Formm 1, D= 1 g 10”6 cm @@cml and the experimental



conditions in Figure 1b, a2 millimclal solution of an electroactive
solute will produce a theoretical peask current of 1.68 u A. Cyclic
voltammetry is well suited for the detection of the presence of any
apprecigble amount of reducible iwpurity in the melt.
B. The Ag(I)/Ag Couple in NaAlCl, at 200°C.

The Ag{l) was generated coulometrically in a fritted (fine

porosity) compariment at a current density of 30 ma cmmz_ The over-
voltage during the electrolysis never exceeded 200 mv nor did it come
close to the point of Clz evolution. The experimental slope of
0.09138 volts from the Nernst plot {(Figure 4) is close to the value
for the theoretical slope of 0.09388 volis for a one electron change.
The standard Ag(I)/Ag potentisl on the ion fraction scale is 1.262
volts based on a2 totally ionlzed wmelt or 1.233 volts based on a melt
in which the ions are Na{l) and {AlClé)“e

A typical woltammetric curve from cyclic voltamwetry is shown
in Figure 5. The expected linear relationship between i and the
(sweep rate)% and the Ag(l) concentration are shown in Figures 6 and
7, respectively. The extrapolated intercept on the current axis is
in rough accord with double layer charging current. The diffusion
coefficient for Ag(I) in the melt was estimated,using equation III,to
be 0.22 x EOMG em aec—ls Melt density was estimated to be 1.70. This
value for D is surprisingly emsil and will be re-investigated. The
equation

=931 x 10> T
n

4

B, = E® + 1.986 x 10 glog [vCl (aw)

which relates the peak potentisl, £ , to the standard electrode poten-
tial at T°K9 was used to calculate z value of 1.068 volts for E°. The
discrepancy between the £° caiculated from cyclic voltammetry and the
E° from the Nernst plot can be attributed to the assumption made in
the theoretical derivation of the equations that the activity of the
sllver metal on the inert indicator electrode is unity at all times.
Both the magnitude and the sign of the discrepancy are consistent

with the results of Berzins and Delahay(7}, The value of Ep varied



from 0.87 V at v = 0.05 V/sec., toc 0.85 V at v = 5 V/sec. and to

0.70 ¥ at 50 V/sec. The shift in Ep indicgtes that the system is not
completely veversible or that the activity of the deposited silver
varies materially; howewer, until the computer is used so that data
with s higher degree cf reproducibility and precision can be obtained,
it is not feasible to pursue the kimetics any further.

A& typical integral pulse polarogram asnd two theoretical curves
are given in Figure 8. A maxima which is pronocunced in some of the
other polarograms produces the differemce between the theoretical and
experimental curves near the diffusion current plateau. The experi-
mental curve is best approximated by the equation

RT
E, E% + = ln(id -~ 1) 4]

in which it is assumed that the activity of the silver on the W elec-
trode is wunity. The other equation,

B, =5+ Iacta - ) (V1)
aF i

assumes that the silver rapidly forms an alloy with the W and diffuses
rapldly into the interior of the W electrode. The expected changes
in the diffusion curvent (Figure 9) and shift in E% (Figure 10) with
concentration for a2 one electron change were observed.

The extrapolation of the data for Ag(Il)/Ag in the NaCl-KCl-
AlCl, eutectic (4,5} gives an E® value of 0.810 volts at 200°C. This

3

E® differs from the E° in the NaClwA1Cl3 system by 0.452 volts of which

only 0.009 volts can be atiributed to the change im ALCl, concentration

assuming Nernst ideality. This large shift in potentialg can be attri-
buted to the change in the nature of the melt. The chloride activity
is drastically altered in the ternary (60 mole % AILCL ) compared to the
binary (50 mole % AlCL ) system(a)@ The chloyide activity is signifi~
cantly leass in the texnary than in the binary system.

Maintaining the Ll:1 ratic of the total alkali ion to aluminum
ion while changing the total alksii ion content from that of a single
ion {(e.g., Na, K, Li} to varicus mixtures would be of interest. It may
be possible to correlate shifts in £° with some parameter such as ion

size and to calculate the therwodynamice of the solvent interactions.



The potentisl of the gluminum electrode as a function of solvent
composition can be studied by the use of the cell

AL/ALCYL -MCL // AlCLl,~NCL/Al

3 3

where M and N represent different alkali metals or mixtures of
alkali metals. It haz been shown that the liquid junction potential
between the two half cells can be estimated using ionic mobilities
and that it is ususlly only a few mﬁ.lli‘vslts(g)a The understanding
of the solvent is very advantageous when choosing a solvent for a

power system. For example, an increase of about C.45 volts could

be realized in a silver-sluminum cell by merely changing the solvent

from the more expensive ternary system to the cheaper binary system.

Undoubtedly the kimetics of the various electrode systems will also
change with the composition of the solvent.
C. The Pb(IT)/Pb Couple in NaAlCl at 200°C.

Due to technical difficulzies and absence of sultable lead

wire electrodes on the commercial market, the lead experimental re-
sults are of lower quality and quantity compared to those for silver.
The Pb(I1) was coulometrically generated in the melt in a similar
manner as for silver. The Nernst plot (Figure 11) exhibits a fair
proximity of values between the experimental points at low concen-
trations and the theovetical slope for n = 2, A white crystalline
solid formed in the fritted compartment at higher concentrations

of Pb(I1). The abnormal increase in emf at higher concentrations in
the Nernst_plot does not indicate that the solid is PbC12;
this rapid incresse in potential may be a result from a marked in-
crease in the lead activity coefficient.

however,

The cyclic voltammetric curves (Figure 12) exhibited an
unusually sharp cathodic pesk with an Ep value which varied from
0.646 V at v = 0.5 V/sec., to 0.60 V at v = 5 V/sec to 0.52 V at
50 V/seec. The peak current, ip9 varied linearly with v% (Figure 13)
and exhlbited a sharp break in the linear behavi-~r when plotted
against the lead concentration (Figure 14). It is uncertain if



this break occurs at the initisl formation of the white solid in
the fritted compartment. The behaviscy is indicative of limited
solubility, but is not in agreement with the Pb EMF data. The fu-
ture use of integral pulse polarography may illuminate the exact
meaning of these preliminary results for lead. The E° for lead,
using n = 2 and equation IV, was calculated to be 0.729 volts com—
pared to the 0.903 wvolts from the Nermst plot (Figure 11). The
discrepancy is conmsistent with that alread discussed in the silver

results.

IV, System for Computerization of Pulse Polarography for Fused Salts Studies:

A. Purpose:
This portion of the report details the present state of the

system being designed to perform computer controlled electrochemistry
on fused salts. Results obtained on aqueous chemical solutions are
described to indicate the capabilities and limitations of the apparatus
presently available. The electronics used, although simple, is dis-
cussed since an integral part of the project is the development of re-
mote interfacing between the computer and the experiment. Much of the
material contained herein is duplicated in three other documents, "Appli-
cation of a Computerized Electiochemical System to Pulse Polarography
at a Hanging Mercury Drop Electrode', (4ppendix I), "Pulse Polarography
Program', (Appendix II), and "Staircase Voltammetry Program™, (Appendix
III). Diagrams in the first of these are referred to in this paper as
figures in Appendix I as that paper is considered to be an attachment
to this report.

B. Computer Programs:

Each computer program must perform the functions of inputting
the experimental pavameters, producing the proper waveforms, and taking
measurements at the appropriate times. Furthermore, to give maximum
utility, the programs should process the data obtained to provide any
information of amalytical or diagnostic advantage. The first of these
functione are fully implemented, but the latter processing function is,

as yet, incomplete. Indeed, it is not certain exactly what snalytical



and diagnostic measurements are most sultable until the chemical
system to be studied is kmown. A block diagram of the pulse pola-
rography program i8 given in Figure 2 of Appendix I, as an example
of the type of processing that is donme in theée programs,

Initially the programs must obtain all of the experimental
parameters necessary to rur the experiment and communicate with the
user. This is done in a question-answer mode to make the process
easier for the user. Listings of the questionms with representative
answers are given in Figures 15 and 16. Several of the parameters
refer to the voltage waveforms output from the computer. In pulse
polarography the waveform is s series of pulses whose width is called
the pulse width. They are separated by equal time intervals termed
the delay time. Each pulse exceeds in magnitude of that preceding
by the step height. The derivative mode pulse polarography waveform
is shown in Figure 4 of Appendix I. The output for staircase voltam~
metry is a stalrcase shaped pattern. Its parameters are the step
height, the step width and the measuring time which must be less or
equal to the step width., Figure 17 shows the square wave voltammetry
waveform used here. One advantage of the computerized system is the
ability to vary the above parameters virtually at will, yet precisely.
Custom made instruments frequently fail in this respect.

Although 2 discussion of what pulse polarography and stair-
case voltammetry are, and how they are used, might be appropriate at
this point, there are sufficient publications om these subjects(10~l7).

The experiment may be performed several times, either point
repetition as with pulse polarography or repetition of the entire
experiment as with stalrcase voltammetry. The results are then
averaged to increase the signal-to-noise ratio. This is known as
ensemble averaging or cross—correlation(ls’lg).

To increase the signal-to-noise ratlo still further, digital

smoothing of the type recommendad by Savitzky and Golay(zo)

is employed.
Peaks are detected and determined by a method similar to that described

in their paper.

-10-



C. Electrochemical System:

Figure 1 of Appendix I shows a block diagram of the electro-
chemical system and computer interface. Important features of the
system include a voltage divider for the D/A converter output so
that the entire 12-bit precision can be utilized, variasble capacitance
across the Feedback loop of the current follower for optimal stabili-
zation, and a moveable voltage inverter allowing for cathodic or
anodic scans. With the exception of thesc features, the electrochem-
ical instrumentation ilg of conventional design.

D. Remote Transmission:

Since the computer and drybox are located in distant areas,
it is imperative that a means of transmitting information between the
two sites be developed. A potentiostat is available beside the drybox
and the conversion (A/D and D/A) modules are with the computer so ana-
log transmission was decided upon. The primary problems with this mode
are grounding, noise, and signal attenuation. The latter has been handled
by two-transistor boosters for matching the line impedance at the driv-
ing end (Figure 18). Differential amplifiers at the receiving end boost
the signal back to its original level and remove common mode signals.
The signal distortion is less than one percent and probably due entirely
to the less than perfect common mode rejection of the inexpensive differ-
ential amplifiers. The rise time of the five volt square wave test
signal after passing through all of the amplifiers is better thamn 50
microseconds, performance ample for our work.
E. Results:

The kind of results obtainable without the remote feature are
shown in Figures 3 and 8 of Appendix I and in Figures 18, 19 and 20.
Figure 3 of Appendix I demonstrates the high sensitivity attainable
while Figure 8 of Appendix I shows how averaging and smoothing improve
the quality of the data. Figure 18 shows how variation of measuring
time in integral mode pulse polarography affects the output. Diffu-
sion currents are proportional to the predicted iaverse square of the

measuring time. Representative staircase and squarewave voltammetry

11
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1)

2)

3

4)

5)

6)
7

curves appear in Figures 19 and 20. All four techniques (integral
and derivative mode pulse polavography; staircase and squarewave
voltammetry) are capable of yielding precise measurements of polar-
ographic half-wave potentials as well as concentrations. Further,
parameter variation studies can often provide information on the
mechanisms of chemical and electrochemical processes. The fact that
staircase and squarewave techniques sweep the voltage in both direc-
tions should allow additional information, e.g., on reversibility,
to be gathered.

F. Conclusions:

It will be difficult to draw meaningful conclusions about
this work until the results of its application to fﬁsed salt electro—
chemistyy are known. The computer approach, however, has already
shown its promise in the application to pulse polarographic analysis
in aqueous media. The output presentation, graphic and especially
printed, is more precise than that normally obtainable. Fast sweep
experiments have their results plotted on 8% x 11 paper instead of
photographed on Polarcid film. The computer uses simple mathematical
algorithms to produce accurate analysis of peaks. It is expected that
these features alone will justify the effort expended in developing

this computerized electrochemical system.
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BRIEF

Results of applying a computerized pulse polarography system
to trace analysis are described. Measurement. are made at concen-
trations as low as 4 x l()'==8 M Cd++. The theory required to analyze
derivative mode pulse polarography on a hanging ‘dfop is developed

briefly. Signal averaging and numerical smoothing are used to

improve the signal-to-noise ratio.



SUMMARY

Application of computerized pulse polarography on a hanging drop
to analysis of extremely dilute solutions is demonstrated. Anm approx-
imate theory is developed which shows that for reversible systems
functionally.identical behavior can be expected on the dropping and
hanging drop mercury electrodes. A decrease in sensitivity for irre-
versible reactions would be observed under otherwise identical ¢ondi-
tions with the stationary electrode.

Ensemble averaging and digital smoothing are described and their
effect on signal~to-noise ratio demonstrated. Variations of pulse
height, pulse width and time between pulses are briefly discussed.

Response obtained on 4 x 10—8 M Cd++ solution indicates that
usable data can be obtained at this level while a precision of 10

7

percent is indicated on 4 x 10 M Cd++.



INTRODUCTION

Derivative mode pulse polarography has been shown to be & very sensitive
analytical techniquel’z’B”ée When performed on a stationary electrdde addi-
tional advantages may accrue such as increased electrode areas, increased

speed of analysis, and ensemble~averaging °’

undisturbed by drop area
uncertainty.

Computerization of chemical analysis is becoming very popular today, a
fact occasioned by utility and by #ovelty. In electrochemical analysis,
several workers have been engaged in demonstrating the utility of an on-
line computer system6’8’9’10° By employing a computer to take measurements,
control the experiment, and analyze the resulting data, maximum use is made
of the advantages of derivative pulse polarography at a stationmary electrode.
Other capabilities such as convolution of the current response to increase
the signal-to-noise ratio and automatic determination of peak positions and
heights by a real-time successive approximation technique can be developed
readily on a computer system.

In this paper the characteristics of a computerized electrochemical
system are described and demonstrated in an application to pulse polarography
at a stationary electrode. Some of the advantages of the computer system over
conventional systems are developed; some further potential advantages are
mentioned.

The realizable sensitivity of the system as an amalytical tool seems, at
present, to be limited by background. Instrumental artifacts and oxygen
appear to be the primary contributors. With the problems, however, measur-

8 ++

able response is obtained with 4 x 10 ° M Cd . Reducing the concentration

-3
of supporting electrolyte to below 10 M is an important factor in this



achievement. This sensitivity compares with stripping analysis where sensi-

-1l M11 have been reported. More normdlly values

tivities as low as 6 x 10
of 10_9 M age seen with respect to this technique. It does require that the
species determined be concentrated into another phase, a fact which limits

its general utility. Potential sweep voltammetry has a reported sensitivity
of lO_6 Mlz and can be extended by an order of magnitude by analog differ-

entiationlBQ For a discussion of these and othe. electroanalytical techni-

ques, the reader is referred to reference 14.



EXPERIMENTAL

A PDP-8/I computer (Digital Equipment Corporation) was used for all
computing, control, and measurement functions except for the use of a
potentiostat and current amplifier, which employed Phibrick-Nexus SP656
and P65AU operational amplifiers. A more complete description of the
digital system is given in the next section.

All chemicals were reagent grade and us~d without further purification.
The water was twice—~distilled, the first distillation being from alkaline
permanganate solution.

A spoutless 100 ml beaker was used as the electrochemical cell. A
commercial cover (Beckman Instruments) was adapted to use in this experi-
ment and prepurified nitrogen was always kept flowing over or through the
solution. No frits were used in the apparatus.

The indicating electrode was a Brinkmann microburet hénging mercury
drop electrode. The capillary was dewetted with dichlorodimethylsilane
prior to use and the end broken off. The reference was a Sargent SCE.
The auxiliary electrode was a platinum wire separated from the solution
by a pin-hole in the end of a piece of glass tubing.

All deaerations were performed for at least 15 minutes. A glass

tube with a small hole in the end was used as the nitrogen inlet.



SYSTEM DESCRIPTION

The system, Figure 1, consists of PDP-8/1 computer interfaced with a
real-time clock, and X-Y plotter, and a potentiostat plus current follower
system based on operational amplifiers. All operations are under computer
control.

The real time clock can be set under program control to turn on a flag.
after the passage of from one to 4096 clock pulses or "ticks". This flag
is connected to computer skip line so that it may be interrogated by an
I/0 command. Normally the program uses the skip instruction in a wait loop.
The clock can also be read at any:time:to-'determine’ the 'elapsed -time, and it
will provide a computer interrupt when the flag is set if the interrupt is
enabled. For a more complete description of the clock, see reference 15.
Further information on the interface is contained in the article by Lauer
and Osteryoungs.

The plotter is a Hewlett~Packard X-Y plotter with a digital plotting
accessory. The two axes are driven by 10-bit D/A converters. Completion
of the plotting of a point is signalled to the computer from the plotter.

The electrochemical circuitry is conventional. Input to the potentio-
stat comes from a variable voltage source and from a 12-bit D/A converter
interfaced with the computer, This converter, when properly connected, has
a resolution of .5 millivolts for a two volt scan. It is run with a single
digital buffer into which information is input from the computer by a jam~—
transfer method. This method of transfer eliminates the need to clear the
buffer before it can receive an input and, therefore, prevents spurious
signals during transfer. Switching time of the converter is about 3

useconds.



The current output from the cell is converted to a voltage through
a current follower. The output from this follower is input to a 12-bit A/D
convertez. This converter has a sample and hold accessory which is acti-
vated by program command., The aperture time is 150 manoseconds while the
track time is 12 useconds. The converter begins conversion on command and
gives a conversion complete signal. Conversion time is 35 useconds. The

conversion complete signal may also produce an interrupt if activated.
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PROGRAM DESCRIPTION

A block diagram of the program is given in Figure 2, A description of
the terms used and certain processes not obvious in the diagram follows.

The experimental parameters are read in a question-answer mode. The
clock cycle, voltage division factor, and current measuring resistor values
allow time, voltage, and current parameters to be communicated in engineer-
ing units rather than in computer internal representation. The voltage
division factor is an attenuation between the appropriate D/A converter and
the potentiostat. The full 12-bit precision of the D/A converter is only
realized if its full scale output of 10 volts can be utilized. Therefore
the 10 volt output is divided to result in a control voltage slightly
greater than the desired scan range. This division is accomplished by utiliz-
ing the fact that the input to the potentiostat is a summing network. Appro-
priate choice of summing resistor for the D/A input results in the desired
scaling.

There are three types of pulse polarography that may be performed. The
first, designated N (for normal or integral mode), is produced by maintaining
the potential between pulses at a constant value. Each successive pulse is
of greater magnitude than the preceding one, and the current response at a
fixed time after the application of a pulse is plotted against pulse height.
In the D (for derivative) mode, all pulses are of equal height. However,
the potential between pulses is stepped to a greater value after each pulse.
The current is plotted against the potential prior to application of the
pulse. A third mode, Q, has been incorporated to allow the difference be-
tween successive pairs of current responses output in the N mode to be

plotted. This mode is termed the difference mode. Although the D and Q



modes give functionally identical behavior when used on reversible systems,
the fact that the waiting period between pulses is spent at different po-
tenitals can produce marked differences in behavior for systems with compli-
cations. An example might be a system exhibiting absroption where desorption
would be observed at some potential in the D mode, but since the Q mode would
always begin each pluse in the same state it would give no indication of the
desorption.

Only in the derivative mode (D), is it necessary to give the value of
the pulse height in addition to the other p.:rameters required for all modes.

Delay time is the time between pulses. If a dropping mercury electrode
were to be used, the drop would be dislodged at the end of each pulse prior
to the dealy time. For plotting, provision is made to input horizontal and
vertical tick mark spacings.

During the experiment, the current is measured before and at the end of
each pulse voltage which is applied to the electrode. After completion of
the requisite number of averaging cycles (pulses) at one potential, the cal-
culated point is plotted and the appropriate digital representation of the
potential is incremented.

When the experimdent is completed, the stored results may be printed.

Also, a digitally smoothed plot may be obtained. If a repeat is desired, it
can be made with a change of the plotter vertical amplification factor (a
program calculation), the plotter bias (also programmed), and/or the number
of averaging cycles simply by answering "Y' (Yes) to the computer's query.
For other alterations, the answer must be "N" (No). In the latter case the
computer switches are set to indicate the changes desired. The computer will

ask for only the parameters selected.
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THEORY

Pulse Polarography

An approximate theory of differential pulse polarography is developed
here for stationary electrodes. For details, see Appendix II. The re-
sults are essentially the same as those derived for derivative pulse
polarography at a dropping electrode, and the readetr is referred .to the
original papers for detailsl6’l7’18’19a The approximate model used here
is the application of a potential step from a region of no Faradaic reac-
tion to the potential of interest followed at a time T by a pulse of
height AE and duration t. The concentration gradient near the electrode is
assumed to be linear when necessary. This assumption should be good for
™>>t,

For "totally reversible' systems, the concentrations of reactant, C,,
and product, Cp, at the electrode surface are determined by the electrode
potential, the bulk concentrations, and the diffusion coefficients, Dy and
Dp. They are time invariant at any fixed potential. When the Fick's law

equations are solved, the concentration gradient prior to pulse application

is found to be missing from the expression for Ai,

3
nFAD,, Cty° 1 -8
AL = LT L
Tt Byt HG® + 8

See Appendix I for notation. Note that this expression also does not depend
on T and, further, that it is symmetrical about E;5 + %AE, where E% is the

polarographic half-wave potential. This is essentially the same expression
as those derived previouslyl6’18. Derivation of the equivalent equation for

a stationary spherical electrode yields the standard s»herical correction

, . 2
term for potentiostatic processes 0.



A'totally irreversible' process (see Appendix II) results in an
equation containing T.

AL = nFADr%CrO(Ao - A)exp(Air)erfc(AoT%)exp(Azt)erfc(At%) (2)
This equation becomes identical to that given by Barker15 if AE is small’
and the Air terms are cbmbined with Cg, The dependence of t shows that
for long experiments,il.e. the effective value of 1 is large, sensitivity
‘to irreversible reactions is decreased. Barker presents the same afgument16.
Note that the concentration gradient again does not appear in the expression.
However, higher tham first order terms would appear if included in the
derivation. Their inclusion would, however, make the mathematics unduly complex.

Therefore, it is important when doing analysis by derivative pulse polaro-

graphy to try to have the sought after species in a form which displays
reasonable electrochemical reversibility at times of the order of the pulse
width. A significant corollary to this behavior of irreversible systems
is a decrease in the sensitivity to oxygen so that it will cause less inter-
ference than in, say, normal (integral mode) pulse polarography.

Signal Averaging.

The theory of cross correlation is well developed7’21. Here the
cross correlation function is a periodic binary sampling function synchro-
nized with the beginning of each pulse. In effect the result is ensemble
averaging. Theory dictates that for random noise. the signal-to-noise
ratio.will increase as the square root of the number of averaging cycles.

Digital Least Squares Smoothing.

The method of smoothing employed for this paper is that given by

Savitsky and Golayzz, The reader is referred to their paper and references

for further details.



-10-

RESULTS AND DISCUSSION

Pulse polarograms were run on cadmium nitrate in potassium nitrate

supporting electrolyte with the computerized pulse polarography system.

The concentrations of cadmium ranged from 4 x 10'-5 Mto 4 x 10-8 M while

the corresponding KNO3 concentrations were 0.5 M to 0.5 mM. Peak height

as a function of concentration is given in Table I. There is an apparent
increase of sensitivity at lower concentrations. While the dilutions were
made with distilled water thus lowering the ionic strength, resultant double
layer effects or migration effects would be expected to be minor. The more
likely cause of the loss of linearity is an instrumental one produced by in-
creasing solution and current measuring resistances. With increasing uncom-
pensated resistance, the potentiostat does not control until several milli-
seconds after the pulse is applied. The peak heights are readily reproducible
at all except the lowest concentration where extreme care must be taken to
eliminate oxygen. Figure 3 shows the response of the system to the lowest
concentration studied, 4 x 10—8 M Cd++ in 0.5 x 10—3 M KNO3. A readily
measurable peak is apparent. At higher concentrations a large, well-formed
peak is observed. With proper precautions the detection limit for comput-
erized pulse polarography of cadmium should be substantially less than 10'-8 M.
This is better than has been previously reported for pulse polarography.

The reproducibility of the system described in this paper is demonstrated
by a series of replicate rums. Data was output on the teletype. The largest
value was taken as the peak, while the minimum value preceding the peak was
taken as the base line. Four runs at 4 x 10—6 M Cd++ had a standard deviation

of 1.5% while ten at 4 x 10_7M Cd++ had a standard dev.ation of 10%.
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The drop area was reproducible to only about 1% accounting for tmost of the
error in the first series. Since the hackground in the second series had

a magnitude of roughly one-half of the peak and was not nepessarily additive,
it is likely that this is the predominant source of error. A longer pulse
width than the 20 milliseconds employed plus better electronic circuitry
should be sufficient to reduce the error considerably. Better oxygen
scrubbing techniques are also indicated.

Effort directed towards optimization of exper.mental parameters has been
reported4’17. Because there are new factors present in the hanging drop
method and because of the improtance of optimization to achieving maximum
sensitivity, certain of these parameters have been investigated here. The
parameters associated with the voltage wave form are shown in Figure 4.
Calculations were made on the theoretical response for variations of pulse
height. There can be no general optimal value since one individual may be
concerned with peak separation, while another may desire only a maximum
height to half-width ratio. The effect of pulse height on separationm has
already been discussed elsewherea. The result is that smaller piélse heights
provide greater separation at the expense of sensitivity.

Since large pulse height will result in the peak approaching a maximum
height while continually broadening and small pulses cause continually
diminishing peak height but a constant, minimum peak width, it would seem
that some intermediate pulse height should be optimal. An arbitrary measure
of the optimal value is the ratio of peak height to the half-peak width.
Hand calculations show that this quantity is a maximum when nFAE/RT = 2.1 or
AE = 63 millivolts for a two electron process at 25°C. However, equally
significant is the fact that the range of pulse heights allowed if a ten

percent variation of the above ratio is permitted is 180/n millivolts to
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84/n millivolts at 25°C. It is therefore quite likely tHat the pulse
height for any given experiment will be determined by other factors. This
is especially true if two species undergoing reductions requiring different
numbers of electrons are being studied simultaneously or if peak separation
is a problem.

The actual results of variation of pulse height are shown in Figure 5.
The 60 mv curve appears to be the best one. The asymmetry observed at
large pulse heights is likely due to insufficient deléy times between pulses.
At pitkse heights of 100 mv and greater, the trailing edge of the peak moves
cathodic. However, if there are no nearby interfering ions, then high sen-
sitivity can be achieved by using relatively large pulse heights.

For maximum response. the pulse width should be a minimum,although
if too short double layer relaxation will make a significant contribution
and limit the sensitivity. The effect of pulse widths of 10, 20, and 50
milliseconds is displayed in figure 5. The delay time is ten times the pulse
width in each case. The heights obey the t:m12 ‘law ﬁredicted by theory to
better than five percent. Other experiments show that if the pulse width is
greater than .l seconds, positive deviations are observed. These deviations
are readily explained by convection and spherical effects. Much more signi-
ficant is the effect on the background. The extreme change in the background
level observed in Figure 6 is probably due to instrumental limitations. Pos-
itive feedback might be capable of reducing this effect thus allowing the
instrument to achieve still greater sensitivity.

The delay time between pulses allows for the relaxation of the distur-
bance. If the delay is too short, then the signal becomes noisy and sensi-

tivity is decreased. Long delays increase measurement time. Therefore the
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delay must be a compromise between these effects. For the 50 millivolt
pulses used in most of the work a delay of ten times the pulse width was
found to be satisfactory. Figure 7 shows the effect of 100 and 200 milli-
second delays when the pulse width is 10 milliseconds. A slight sensiti-
vity improvement is observed with the 200 millisecond delay.

One of the primary advantages ofi a computerized experimental system is
the acquisition and storage of data in digital form. This data can then be
operated upon during or after the experiment to improve the quality of ex-
perimental results. In the present system two means of operating on the data
are employed. The data are averaged by taking several measurements at the
same potential repetitively, and the data are smoothed by a least squares
procedure after the experiment. Both of the operations are optional. The
first has the effect of increasing the signal-to-noise ratio as the square root
of the number of averaging cycles. There is no distortion created if the
delay between pulses is sufficiently long to allow virtually complete re-
laxation of the disturbance created by the pulses. The second method improves
the signal-to-noise ratio as the square root of the number of values over
which each point is calculated. Distortion will be introduced if the order of
the polynomial used to fit the data is too small to adequately represent the
segment of the curve being fit. Test computations indicate that a nine point
quartic smooth will introduce no measurable distortion with data points spaced
10 millivolts apart. The two above methods affect the signal-to-noise ratio
independenttly so that the addition of the nine point smoothing algorithm
should have the same affect on the signal-to~noise ratio as multiplying the

number of averaging cycles by nine. Figure 8 demonstrates the efficacy of
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these noise reduction techniques. In Figure 8a a raw cumve is shown.
Figure 8b shows the effect of averaging over nine cycles while, in
Figure 8c, the nine point smoothing routine is used. The two curves show
roughly the same reduction in noise. Figure 8d is the result of applying
both techniques. The hoise is virtually eliminated.

The experimental results indicate that through the use of an on-line
computer a significant increase in the sensitivity of pulse' polarography
can be attained. Particularly important to this increase are the techni-

ques of signal averaging and data smoothing and the ability to vary experi-

mental parameters readily ever a wide range.



Legends for figures:
Figure 1l: System block diagram
Figure 2: Program block diagram
Figure 3: Derivative pulse polarogram of & x 108 mecd™, 5x 10" n KNO3 .
20 cycle average without smoothing.A = ,0414 cm?,
Pulse height = 50 mv. Pulse width = 20 ms.'Delay = 200 ms.
Figure 4: Voltage wave form for derivative mode, pulse polarography.

5
M catt, .5 M KNO;.

5 cycle average without smoothing. A = .0414 cm?,

Figure 5: Derivative pulse polarograms of 4 x 10~

Pulse height = 20,40,60,80,100,120,140,160 mv.
Pulse width = 20 ms. Delay = 200 ms,
Figure 6: Derivative pulse polarogram of 4 x 10“6 M Cd++, .05 M KNO3,
5 cycle average without smoothing. A = .0414 cm?,
Pulse height = 50 mv. Pulse width, deiay = 10,100 ms;
20,200 ms; 50,500 ms.
Figure 7: Derivative pulse polarogram of 4 x 10“6 M Cd++, .05 M KNOj.
5 cycle average without smoothing. A = .0414 .

Pulse height = 50 mv. Pulse width = 10 ms. Delay = 100,200 ms.

Figure 8: Derivative pulse polarocgrams of 4 x 10“'5 M Cd++, .5 M KNOj3,

Pulse height = 50 mv, Pulse width = 20 ms. Debay = 200 ms.
(a) no smoothing, average x 1 (b) no smoothing, average x 9

(c) 9-pt smooth, average x 1 (d) 9-pt smooth, average x 9



Concentration (M)
4x 107°
.6

4 x 10
w7

4 x 10

4 x 10_3

TABLE I

Peak height (ua)
57.
7.4
0.92

0.31
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Appendix I: Notation
n = number of electrons transferred per mole of reactant
F = T -raday
A = electrode area
Dy = diffusion coefficient of reactant
Dp = diffusion coefficient of product
Cy & Cp = concentrations
Ce® & Cp® = concentrations at t = 0, x = 0
5 = Dy /D ?
Cr = Cp° + 8Cp°
B = exp (nF/RT AE)

AE = pulse height

v°® = exp[nF/RT (E{ - E®)]

E4

potential prior to application of pulse

E° = formal standard potential of electrode reaction
Ao = ksDr-% exp[- anF/RT (Ei - E°)]

A = Ao exp(-anF/RT AE)

kg = formal standard heterogeneous rate constant

2
1 -
erfc(x) = 1 - erf(x) where erf(x) = 2/n? gx e t de

i = current
i® = current at t = 0
I

' Q = kg exp [anF/RT (Ey - E®)] {Dy qu% exp[nF/RT (E4 - E©)]

u o= aA{l + 6”1 exp[nF/RT (E - E©)]}



Appendix II

Derivation of Curve Shape for Derivative Mode Pulse Polarography
at a Stationary Electrode

From Delahay23,

Q27

1 1 -
nDZe” "erfc(Qr*) (A1)

. 0
i= nFACr 0

From Fick®s diffusion equation, after Laplice transformation and

using semi=infinite linear diffusion,

o 0 —
C.=0Ys +3 exp[-x\/s/Dr] (A2)
The new variable, E, is an undetermined coefficient. Therefore,

() o =Cp+a (43)

and

o

(3T /ox),_, = -aV/s/D, (Ak)
However, using equation A1,
0
- T CrAo
(3T _/ax),_, = mmmee = ~E8 L (A5)
r/ x=0 nFADr D; 82(32+Q)
Combining equations A4 and A5 yields
- SeXg
8 = = m—Spe— (A6)

s(s2+Q)



Substituting A6 into A3 and A4 and inverting the transform gives

2

c.(0,m = ¢ - coaQ™? [1 - ¥ Terec(ar?)] (A7)
and
-b-?-ﬁ;-}-(o—'l)- - CgAOD;%eQZTerfc(Q’T%) (48)
Similarly,
c,(0,7) = Cnga”1Q“1[1 - eQZ'rerfc(.Q'r%)] (A9)
and
EP—E;—;IZ = - CghOS-lD;%eQZTerfc(Q'T%) (A10)

Now, assume that the concentration gradients are linear and

can be represented by

C.=cy+ cyx (A112)
— 2 ]
and Cp = cj + ciX (A11D)

Once again, solving Fick's equation in Laplace space yields

ﬁr = %(c0 + clx) + b exp[—k\/s/D;J' (A12)



So that

€.(0,8) = co/s + D (A13)
and g ( )
9C_(0,s -
—J'S;(—m = cl/s - b/ S/Dr (A14)
Similarly,
cp(o,s) = cf + b (A15)
and
2C_(0,s) —
-B5§l~_ = c3/s - Vs/D, (A16)
Substituting into the absolute rate theory expressionzu,
- 1 = F v 0
i = nFAAD;-Cr(O,s) - Cp(o,s)exp[%T(E - E ﬂ} (A17)
Note that
1 = nFAD (3C_/2x),_, (A18)

Assume equal and opposite fluxes23 and use equations A14 and A16

with appropriate manipulation to give

- i 2 ] - —
B' = ciDZs 3/2 clnéa 14-3/2 _ 551 (A19)

Substitute equations A13, Al15, and A19 into A17 and A14 into A18;

equate currents to get



1
. lc c!t c!DZ ¢ D2 o
1) = o, %%, %1r & 0
nFAAD { + b - { + =573 533/2 ]exp[RT(E EV)

= nFAD (c,/s - ‘S\/s/Dr) (A20)

Solve for b using (see Appendix I),

¢,D
B = ki

s(s

A
- - c, - cb expls=(E-E
+ M) s(s® + u) 0 0 [RT }}

o Nj

+ 2,
s3/2(s'2_+,u)

a C DE
(ciD; + j“s r)exp[-rﬁl—g-(E—Eo)] (A21)

Using equations A18, A14, and A21 and inverting the transform

2
i = nFAD_¢c, = cle”' terfc(pt%)
A i
+ -1-3-%'[00 - ¢l exp (RT(E—E )) erfc(,u.’ta)
r
2
- %z,(c +%~=—)[1 - M terfc(}u:%)] exp[RT(E-—E )] (A22)

Replacing Cqs 06, Cyo and ci with the values given by equations

A7, A9, A8, and A10 and subtracting Al gives

1 2 (e-£°)
A1 = nFaDZCO {)\[1 - 0(1 + 87 1e AT )

X

1 - eQ T rfc(Q'rz)) erfc(p.t%]

)} (A23)

N

2 2
- ?\OeQ ’rer‘fc(Q’l’f”f)epL Yerfe (put



Equation A23 is the general expression for a pulse applied
at time 7 after a step, using the approximation of linear concen-
tration gradients. The limiting case of a totally irreversible

reaction may be obtained from the following limitss

Q-—€>AD, ‘}4—%ﬁk, exp[%%(E-Eo)]——€>0.

The result is

2
Al = nFAD%CS(A.u A&e 0 erfc(AﬁTe)eh‘terfc(Ata) (A24)

The limiting case of a totally reversible reaction can be

obtained by taking ks-—-s>co° Then u—>00, A—>@© and

2 1
Aett ter'_’fc(/.;.ti’)—e
TNet=
The result is
nFAcOpz 40 L -
AL = L2 (A25)

T2 (YO+8) (AYO+5)

In the above derivation an electrochemical reduction has
been assumed and the initial concentration of the product was
zero. In the reversible case the initial concentration of the
product may be non-zero and the requirement of linearity of the

concentration gradient may be relaxed.
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Pulgse Polarography Program
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PULSE POLAROGRAPHY PROGRAM
By H. E. Keller
July 24, 1970

Purpose

The pulse polarography program is designed to produce the voltage
waveforms required, collect appropriate data, and analyze the data
collected. There are a large number of parameters and options in

the program. This report explains their use.

Waveforms and Hardware

Two output waveforms are available in the present program. One is
for operating in the normal or integral mode. The other 1is used

in derivative mode pulse polarography. The first waveform consists
of a sequence of pulses from a zero base 1ini;m A pulse of a given

height is repeated if averaging of more than/value is desired. The

average number is input on the teletype when requested. After the

requisite number of duplicate pulses have been output, the magnitude
of the pulse height is increased by a parameter called increment
(step height). This sequence continues until the pulse height
reaches the value of the range. The experiment is then complete.
The width of the pulses is input as the pulse width, while the time
from the end of one pulse to the beginning of the next is the

delay time.

Note that current measurements are made prior to and at the end of
each pulse and that after the latter current measurement the

drop knocker, if connected, is activated.

In the derivative mode the pulses are of constant height, the

pulse height, and appear on a staircase base line. The height of
each step in the base line is the step height. All other parameters
retain their same meaning. The experiment is complete when the

base line magnitude is equal to the range.
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The hardware required to operate the pulse polarography program
consists of a normal potentiostat-current measuring system with

a few minor modifications. The potentiostat input resistor from
the D/A converter should be variable to divide down the D/A output
voltage. If the voltage follower input resistor is 10K, then a 50K
D/A resistor will result in dividing the 10 volt range of the D/A

converter to a 2 volt potentiostat range, an output voltage division

factor of 5.

One further change is necessary. The D/A on our PDP-8/I outputs

from 0 to ~10 volts. This output must be inverted for anodic scanms.
In addition, the program is designed to accept positive-going current
signals., Therefore, if a current follower ié used, the output must

be inverted when using cathodic scans.

Loading the Program

The program can be loaded either from the disk or from tape. 1In
either event, the floating point package must also be loaded. This
package is usually on the disk, but may also be obtained on paper
tape. The preferred method of loading is use of the disk loader

which requires use of the disk monitor system.

To obtain the disk monitor, load 7600 in the switch registers,

press ''stop," press '"load add,', press''start." A period will appear
on the teletype. Type LOAD followed by a carriage return. The
computer will print IN-. If the program is on the disk (named PP4)
type S:FFP2,S:PP4 followed by a carxriage return., FFP2 is the present

name of the floating point package, but it may chenge in the near
future. If yamwish to load the program from tape, type S:FFP2,R:.
The tape should be mounted in the high speed reader. It will be
read twice. WNext the computer will type one asterisk om each of two
lines signifying the legitimacy of the input files and then type
OPT~. Type 2 indicating a two-pass load is desired. The computer
will type ST=z; you type 200 followed by a carriage return. Now

an up arrow will appear. Respond to each up arrow (there will be
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8ix) by typing control P. Pause after the tape is read {(if you
are using tape inmput) to reload the tape. The progrggg will start
automatically.

Parameters and Qptions

Once the program is started, either by loading or through transfer
to location 200, it will make a series of inquiries to determine

the experimental parameters that the user wants for the next experi-
ment. Most of the parameters correspond to switches on the switch
register so that later changes can be made selectively. All times
are in milliseconds, all potentials in volts, and all currents in
microamps. All numerical entries are made in standard floating

format.

The first parameter requested is the clock cycle or period. 1Its
exact value can be determined through a cleck calibration program

available separately. There is no corresponding register switch,.

Next, the output voltage division factor is asked for. This parameter
is described in section I1 and sets the maximum voltage range avail-

able. This parameter corresponds to switch 0.

The computer then asks for the experiment type. The letter N
indicates normal, D is for derivative (see section II), while 0
stands for difference mode. In this last mode, a normal (N) experi-
ment is run, but differences between successive data points are
output instead of the data points themselves. Use switch 1 for this

parameter,

Switch 2 corresponds to the three parameters in the next question, the
curxent measuring resistor (RM), the voltage scan range, and the
voltage increment. The first of these is the ratio of the voltage
output to the A/D converter and the current through the cell. The
other two are explained in Section II. The value of the current

measuring resistor is used to cowpute the full scale current on the
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plotter (full scale is -10 volts out of the Y axis D/A converter).

if in the D mode, the next query (switch 3) is to determine the
pulse height described in Section II. Next the delay time and
pulse width (switch 4) are imput.

For the purpose of setting up the plotter the pen is next moved
to the upper right and lower left corners. The zero adjust is
used first (upper right), then the variable gain (vernier) is
adjusted. Switch 5 controls this operation. Switch 6 provides
the tick marks. The tick mark spacing is requested.

The D/A is now set to zero volts and periodic pulses of interval
equal to the delay time are provided to the drop kmocker. Thus
the initiel potential may be set and proper operation of the drop

knocker ascertained. These operations are indicated with switch 7.

The final values input are controlled by no switch and so must be
input for every experiment. These are the plotter vertical scale
factor, the plotter vertical bias, and the average number. The
first of these is simply an internal digital multiplier while the
second is an internal digital additive term. They allow the plotted
curve to be expanded and moved up or down to increase sensitivity
and suppress the base lines. These parameters are also significant

to the peak determination routine.

The average number is the number of times pulses are repeated for
the potential plotted. The responses are summed and divided by

the average number.

After the run is complete, the program asks if a printout (in micro-
amps) of the curve is desired. If answered yes, the computer prints
the curve one current value to a line. Should the user wish to dis-
continue printing, he need only set switch 11. Next, the program
asks if the user wants the output smoothed(psing a nine point

quartic least squares fit). Should the reply be affirmative, a new
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piece of paper is assumed to be in the plotter so that new axes
are drawn. Each point is then printed and plotted beginning with
the fifth point. If switch 11 is set, printing is suppressed.
Now the user is asked whether he wishes a peak determination scan
to be made. 1In this, the program rejects any peak less than one-
fifth of the plotter scale as plotted. Therefore it considers

the bias and scale factor in this reject_ion feature although
they do not appear in the printed value for peak height (in micro-
amps). The peak position is displayed in volts assuming the

initial potential to be zero.

The experiment and data evaluation now complete, the next question
is whether to repeat. If the response is yes, then only the scale
factor, bias, and average number may be changed. If the reply is
no, then the switches may be set to indicate additional changes

to be made.

Experiment Setup

No particular potentiostat system will be assumed here. It is
necessary to be able to pre-bias the cell control voltage, to divide
the D/A output before it reaches the cell, and to provide a voltage

in the range -5 to +5 volts proportional to the current.

The potentiostat is connected to the:cell, the D/A (6054) connected
through an appropriate dividing system to the E-control input of
the potentiostat, and the I-cell output of the potentiostat joined
to the A/Dvconverter input. The clock must be in the "op" position

and the plotter connected properly.

If the drop knocker is to be used, the clock pulse output should
be jumpered to the solenoid control connector. The drop knocker

is attached to ''solenoid out."

The Program
In order to read out and understand the program, a few facts

are required. First, the instruction mnemonics have been somewhat
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expanded. This expansion takes two forms, I/0 instructions and
non-1/0. The mneumonics for the added I/0 instructions are

given in the following table:

Mnemonic Octal Meaning

ZCLKR 6701 Direct clear holding register.

SETCLK 6702 Strobe AC into holding register

RBCLK 6704 Read (logical or) holding register
into A.C.

ZCTR 6504 Clear clock counter.

CLKSTR 6712 Start clock.

CLKSTP 6714 Stop clock.

SKCLK 6311 Skip on clock flag.

CCLKF 6312 Clear clock flag.

ADSF 6531 Skip on A/D flag.

ADCY 6532 Sample, hold, and begih A/D convert.

ADBR 6534 Read A/D register into AC and clear flag.

DAl 6501 Strobe AC to D/A #1.

DA2 6502 Strobe AC to D/A #2

DA3 6503 Strobe AC to D/A #3.

ENSOL 6772 Enable solenoid (drop knocker)

DISOL 6774 Disable solenoid.

The remaining (non-1/0) wnemonics were instituted to make the
program shorter, easier to read, and easier to translate to another

madhine. They are described in the following table:

Mnemonic fHgudvalent Octal Comments

CALL JMS I 4400 Used to call a subroutine.

RET JMP 1 5400 Used to return from a subroutine.
FENTER JMS I 7 4407 Enter floating point package. V
FEXT = eeee- 0000 Leave floating point mode.

PUTF DCA 45 3045 Used before FLOAT command.

GETF TAD 45 1045 Used aiter FIX command.

Additional floating point package interpreter mnemonics are
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described in other documentation. The features of the PALD assembler

used here are completely discribed in the PALD assembler manual.

The program is organized so that the control of parameter input
and the actual running of the experiment are done by the main
program. There are subroutines for message writing, timing,
plotting, and various computational and post-execution operatiomns.
These subprograms are mnemonically named, and should not require

a detailed explanation of their operation.



APPENDIX III

Staircase Voltammetry Program



STAIRCASE VOLTAMMETRY PROGRAM

By H. E. Keller

Introduction:

This program is intended to generate a stailrcase-type voltage waveform
for gplication to an electrochemical cell through appropriate potentio-
static circultry. It will measure the response of the chemical system
at a fixed time during each step. The resu’ts of the experiment are
plotted and, optionally, printed as current versus applied voltage.

An option is available to allow square wave voltammetry1 to be performed.

The results of one complete voltage cycle are output.

lL. Ramaley and M. S. Krause, Jr., Anal. Chem., 41, 1362 (1969).

Auxiliary Equipment:

The auxiliary equipment required consists of a potentiostat with vari-
able control potential attenuation and a current-to-voltage transducer
(current follower). Input voltage (control voltage) will always be
between 0 and -~10 volts, and scans will begin in the negative direction.
Therefore, provisions for inverting and biasing this voltage are essen-
tial 4if maximum versatility is to be obtained. The output from the
current follower must be in the range -5 to +5 volts in order to eliminate

clipping.

Operation:
After loading and starting the program, a dialogue between user and

computer ensues. This dialogue consists of questions posed to the

user and his responses. Most of the questions are numbered to correspond
to the PBP- /I console switches. After completion of an experiment, the
computer provides the query 'Do vou wish to repeat exp?" If the answer
is 'Y" (yes), theexperiment is immediately repeated. Should the user

reply "N" (no), the computer then directs the user to '"set switches for
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changes in setup” and "press key.' The user then sets the console switches
corresponding to the changes he desires to make. Only those statements
selected in this manner will be typed out by the computer. After the
switches are set, any operétional key pressed on the teletype will
direct the computer to imquire for responses corresponding to the selected
switches. A sample teletype conversation is included. Most of the
questions and responses are self-explanatory. The following notes describe
terms which may be uncertain.

Output voltage division factor: This is the control potential

attenuation of the potemtiostat.

RM: The measuring resistor of the current follower.

Full scale current is...: The computer provides this information
so that the plot may be calibrated. Notice that the scale
factor will affect the vertical plot scale.

Type of exp.: N= staircase voltammetry, S= square wave voltammetry.

Range: The span of voltage to the cell (after attenuation).

Step HI: Size of voltage steps.

Pulse HT: Used only in mode S, size of pulse added to step during
first half of step.

Meas time: Time after beginning of step when current measurement
is made. Must be step width in mode N, one-hslf step
width in mode S.

Set X & Y full scale: Adjust plotter pen to upper right cormer
using zero contrel,

Set X & Y to zero: Adjust plotter pen to lower left cormer using
gain controls.

SC MKS: Scale marks. Ticks will be placed at desired intervals.

Current scale factor: Multiply current by this number before
plotting.

I bias: Normally zero is at the bottom of the plotter. This
variable provides the capability of moving the zero up (or
down) by the amount given.

Several error messages are provided. If any value typed in is illegally

zero, the computer will type "try again."” Other messages signal excessive
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range, illegal experiment type, and measuring time too large. While
the experiment is running, some messages may also be emitted. If any
teletype key is depressed (and the teletype is on), the experiment
will be stopped and the message “interrupted" typed. 1If the experi-
ment is being run too rapidly for the A/D converter, the message ''too
fast’ is typed. Should either of these two cases arise or if the

experiment is completed normally, "Do you wish to repeat exp?" is typed.

The voltage and current values at each point will be printed if
switch 11 is not set before the completion of the experiment. As soon
ags it is set, printing will cease. Switch 10 will cause punching of

those numbers on the high speed punch.

If an input to the A/D converter is out of range, no point will be
plotted. Similarly, if a point would be plotted below the bottom of
the paper, it is suppressed. No attempt is made to distinguish between

the forward and reverse scans on the plotter.

Description of the Program:

After all of the necessary parameters are read in, converted to usable
values, and, in some cases put into fixed form, the interrupt is turned
on and the experiment begun. Just prior to beginning the experiment,

a number of initializations are performed. Location 11 (an auto-index
register) is set to the address of the beginning of storage minus one.
This reglster will contain the last location into which a (raw) current
has been stored. Location 12 is similarly initialized and holds the
address of the last current plotted. Hence, the content of locationm 11
iseferred to as the store pointer, while 12 is the plot pointer. All
device flags (including teleprinter) are cleared. The timing sequence
pointer ("IMP I TMAD"in location '"TMIMP") is initialigzed. Various

variables are set to their beginning values.

At this point the clock must be set. If more than 5095 ticks are re-
quired for the first time interval, it is set to zero, giving the max-

imum of 4096 ticks before a clock pulse occurs. The clock counter is
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zeroed,. automatically setting the clock flag which is then cleared.
The appropriate value is placed in the D/A3 (control potential)
register, interrupt turned on, and the clock started. At this point
the machine goes into a wait loop testing whether a point is to be
plotted. The test is made by comparing the store and plot pointers.
1f the former is greater than the latter, then a point may be plotted

and the plot routine is entered.

When the first time interval is ended, an interrupt occurs and the clock
flag is set. The interrupt causes a transfer to the interrupt handler
via location 1. The return address is saved in location 0. The
interrupt handler saves the AC and link. This saving is done here

to save space in the handler. It would be efficient to save the AC

and link only if necessary. A skip chain is performed to determine

the nature of the interrupt with the clock receiving highest priority.

I1f the interrupt is from the teletype keyboard, the experiment is

interrupted and the program recycled. A message is printed.

I1f any interrupt other than clock, A/D, or keyboard occurs, all flags

that could have caused it are reset and the experiment continues.

If the interrupt was caused by the A/D converter, then the number is
fetched and stored in the next location indicated by the incremented
store pointer 1f it 1s to be stored. Otherwise {mode 5) it is held

in a temporary location. A flag is set to -1 (ADFL) and the restore
sequence performed. This sequence restores the machine to its state

prior to the interrupt jump.

If the interrupt is a clock interrupt, a check is made to see if the
entire time interval is over. This may require many interrupts as the
clock can only count to 4096. If the interval is not complete,
appropriate action is takenm and the restore sequence entered. If

the time interval is completed, the timing sequence pointer is

incremented and a jump made through it. Separate actions take place
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depending on where the machine is in the timing sequence. At the
end of the first time interval (TMSA%*40964TMSB) a check is made to
see if ADFL = -1 (imitialized to -1 before experiment is begun). 1If
it is not, the experiment is running faster than the A/D converter.
An error message is issued and the program recycled. A flag (AFLAG)
1s set to 0O for the first interrupt {(to -1 for the third timing
interval). Next, the A/D conversion is started and the clock set

to the next interval (PWIDA*4096+PWIDB). The restore sequence 1is

entered.

At the end of the second timing interval (possibly identical with the
first), a determination is made of the mode., If the mode is N, then
this is the last interval. Otherwise a new voltage is output through
D/A3, the clock set to the measuring interval and the restore sequence
entered. The third interval is handied in the same way as the first
except that AFLAG is set to ~1l. This flag determins the action of the
A/D interrupt routine in wmode S.

At the interrupt from the last timing interval, the timing sequence
pointer is reset, and a test is made for the end of the sweep. I1f the
test fails then the D/A holding registers are incremented, a new
voltage is output through D/A3, a new clock setting is made, and the
restore sequence is entered. If the end of the first sweep is detected
appropriate actions are taken to reverse the sweep and the test for the
end of sweep. I1f the reverse sweep is complete, the registers deter-
mining sweep directlion are restored and the clock stopped. In either

event, the restore sequence is entered.

When the plot routine determines that all of the points have been
plotted, the print routine is entered. At this point smoothing and
peak determination options (to be implimented) are made available.

The program is then recycled.

Note that much information regarding the operation of thiz program is
contained in the pulse polarography program write-up and has not been
duplicated here.



Addendum:

The program has been modified to do signal averaging. Several entire
experiments are rum and the results averaged. The number of runs is
called the average number. If the average number is greater than one,
& walt time is requested. This is the time between runs in wmilli-
seconds. The maximum time is roughly 16,000,000 times the clock
period.



FIGURES

Figure 1: Cyclic Voltsmmetry im the NaAlCl, melt at 200°¢c
Sweep rate = 0.5 volts/sec.

&

Before purification
W indicator electrode

1b: After purification
W indicator electrode

[
0

: After purification
Pt indicator electrode

Figure 2: Cathodic current vs. sweep rate
System = NaAlCl o
Temperature = 200°¢C 2
Area of W indicator electrode = 0.817 mm
A - measured at 0.4 volts vs. AL(III)/Al
B - measured at 1.0 volts vs. AL(III)/Al

Figure 3: Differential capacity using a W electrode in NaAlCl4
vs. Applied Potential
Temperature = 200 C

Figure 4: Nernst Plot at 200°C for the cell:
Al/NaAlCl4//Ag(I) in NaAlCl4/Ag

The concentration scale is based on a totally ionized melt
(cation fraction)

Least squares slope = 0.09138 volts

Nernst slope (n=1) = 0.09388 volts

Eg = 1,2618 volts

Based on the melt composition Na© (A1014)~ (mole fraction scale)
E% = 1.,2330 volts

Figure 5: Cyclic voltammetric curve of Ag(I) in Na(AlClé) at 200°c.
W indicator electrode
Sweep rate = 0.5 volts/sec. -2
Mole fraction Ag(I) = 1.44 x 10

Figure 6: Cathodic peak current vs. (sweep :rat:e);2 _
Mole fraction Ag(I) in Na(AlCl,) = 2,224 x 10
W indicator electrode area = 0,817mm?
Temperature = 200°%¢

2

igure 7: Cathodic peak current vs. Ag(I) Concentratisn
Sweep rate = 10 volts/sec. 2

W indicator electrode area = 0.817 mm
Temperature = 200°C

5




Figure 8: Imntegral pulse polarogram of Ag(I) in Na(AlCl ) at 200°¢C
Mole fraction of Ag(I) = 1.222 x 10-32
W indicator electrode area = 0.817 mm
Melab Pulse Polarograph
Delay time = 1.5 sec.
Step height = 5.33 mv
Average x1
Pulse width = 100 ms
Measure time = 66 ms

A - experimental curve
B-E=k <+ RT In (id - 1)

1 ¥
C-E= k2+ RT In (id - 1)
F i
D - pure solvent

Figure 9: Diffusion current vs Ag(Il) concentration
Temperature = 200°¢ 2
W indicator electrode area = 0.817 mm

Figure 10: Variation of with Ag(I) concentration
figure Y

Temperature = 200°¢ 2
W indicator electrode area = 0.817 mm
Nernst slope (n=1l) = 0.09388 volts

Least squares slope = 0,08778 (n=1,07)

Figure 1l1: Nernst plot at 200°C for the cell
Al/NaAlClA// Pb(II) in NaAlClé/Pb

The concentration scale is based on a totally ionized melt
(cation fraction)
Using Nernst slope as drawn (n=2)

E; = 0.9028 volts

Based on the melt composition Na+(AlCla)—,(mole fraction scale),
and Nernst slope (n=2)

Eg = 0.8740 volts

Figure 12: Cyclic voltammetric curve of Pb(II) in Na(AlCl4) at 200°C
Sweep rate = 1 volt/sec 2
W indiecator electrode area = 0.817_mm
Mole fraction Pb(II) = 3.104 x 1073

Figure 13: Cathodic peak current vs. (sweep rate)k -3
Mole fraction Pb{II) in Na(AlCl,) = 9.336 X 10
W indicator electrode area = 0.817 mm

Temperature = 200°¢C



Figure 14: Cathodic peak current vs. Pb(LI) concentration
Sweep rate = 10 volts/sec. 2
W indicator electgode area = 0.817 mm
Temperature = 200 C

Figure 15: Questions and answers for Pulse Polarography
Figure 16: Questions and answers for Staircase Voltammetry
Figure 17: Squarewave Voltammetry Waveform

Figure 18: Line Driver Circuit Diagram

Figure 19: Integral mode pulse polarography
0.18mm Cd(II) Delay Time = 500 ms
0.20mm Pb(II) Step height = 10 mv
0.5 KNO3 Average x5

Figure 20: Staircase Voltammetry
0.18mM CA{11) Step width = 25 ms
0.20mM Pb(I1) Measure time = 25 ms
0.5M KNO3 Step height = 10 mv
Average x5

Figure 21: Square wave voltammetry
0.18mM C4d(II) Step width = 50 ms
0.20mM Pb(II) Measure time = 25 ms
0.5M KNO3 Step height = 10 mv
Pulse height = 50 mv
Average x5
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Input clock cycle in milliseconds

.1

input: output volt div fact
6.167

input: N for normal

D for deriv

Q for spec

D

input R(M) in OHMS

Range and incr in volts

19000

.6,.01

full scale current is +§.1000@0P@E+P4 microamps
input: pulse ht in volts

.95

input:dly T & pulse W in mlsec

250,25

set X and Y full scale

press key

set X and Y to calib

press key

input: X SC mks in wvolts

Y SC mks in mcamps

.1,10¢

set init pdt and ck drop knocker
press key

input: scale factor, 1 bias, & ave no

19,9,5

Figure 15.



Input: clock cycle in milliseconds

.1

input: output volt div fact

6.107

input: RM in OHMS

1¢¢¢

full scale current is+@.10P@@@@E+G5 microamps
input: type of exp, N or S

S

input: range in volts

.6

input: step ht in volts

.91

input: pulse ht in volts

.05

input: step width, meas time in mlsec
50,20

set X&Y full scale

press key

set X&Y to zero

press key

input: X sc mks in volts, Y sc mks in mcamps
-1,100¢

set init potential

press key

input curr sc fact, 1 bias, and ave no
19,9,5

input: wait time

19009

Figure 16.
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